We recently demonstrated that metabolic syndrome (MetS) is an independent risk factor for postoperative atrial fibrillation (POAF) following coronary artery bypass grafting (CABG). In the present work, we sought to determine which feature of the MetS is associated with POAF.
Introduction
We recently demonstrated that metabolic syndrome (MetS) is an independent risk factor for postoperative atrial fibrillation (POAF) following coronary artery bypass grafting (CABG). In the present work, we sought to determine which feature of the MetS is associated with POAF.
Methods and results
We retrospectively analysed the association between metabolic features and the incidence of new-onset POAF in a total of 2214 male patients ,65 years who underwent first isolated CABG. Anthropometric data including waist circumference (WC) and complete preoperative lipid profile were available. We also conducted a nested case -control substudy including 147 patients who developed POAF, and were matched for age with a control population. In these patients, C-reactive protein, interleukin-6 (IL-6), and thiobarbituric acid-reactive substances (TBARS; evaluating the oxidative stress) blood levels were determined. In the whole cohort, 19.6% of patients developed POAF. On univariate analysis, body mass index (BMI; P ¼ 0.002) and WC (P ¼ 0.001) were the only anthropometric variables significantly associated with increased incidence of POAF. In the multivariable logistic model, the only independent predictors of POAF were a WC . 102 cm [odds ratio (OR) ¼ 1.40, P ¼ 0.04)] and older age (OR ¼ 1.08, P , 0.001). In the nested case -control substudy C-reactive protein, IL-6, and TBARS levels were not significantly different in patients with or without POAF. Of particular significance, patients with elevated WC . 102 cm and C-reactive protein . 1.5 mg/L or IL-6 .2.2 pg/mL were at a high risk of developing POAF (respectively, OR ¼ 2.32, P ¼ 0.02 and OR ¼ 2.27, P ¼ 0.03).
Introduction
Postoperative atrial fibrillation (POAF) occurs in approximately 25% of patients undergoing coronary artery bypass grafting surgery (CABG), 1 -3 and is associated with significantly increased risk of short-term mortality 4 and perioperative stroke. 1 POAF is also a predictor of prolonged hospitalization and increased hospital cost, as high as $11 000 per patient in the USA. 2 We recently demonstrated that metabolic syndrome (MetS) is a powerful risk factor for the occurrence of POAF in patients younger than 50 years. 5 The MetS is a cluster of several metabolic perturbations largely resulting from the presence of abdominal obesity. It is thus important to determine which feature(s) of the MetS is (are) the key factor(s) involved in the onset of POAF in order to develop preventive strategies tailored to the preoperative metabolic profile of the individual patient. Inflammation and oxidative stress play a key role in the initiation and prolongation of atrial fibrillation (AF). 6 However, there is still some debate regarding the role of inflammation in POAF. 7 -15 Moreover, the interplay between metabolic features, inflammation, and oxidative stress in the genesis of POAF is poorly understood. The metabolic perturbations of abdominal obesity are associated with elevated circulating cytokines, chronic inflammatory state, and increased oxidative stress, 16 which might result in an increased risk for POAF. The objectives of this study were: (i) to determine which metabolic and/or anthropometric features were associated with POAF; (ii) to test if abdominal obesity was associated with greater postoperative inflammatory response; and (iii) to assess if metabolic/ anthropometric features interact with inflammation and oxidative stress with regard to POAF.
Methods

Study population
Between January 2000 and October 2007, 4946 patients underwent elective isolated CABG at the Quebec Heart Institute. Considering that: (i) AF is strongly age-dependent, 17 (ii) proposed cut-off values of waist circumference (WC) differ between genders; (iii) MetS has been linked with POAF only in younger patients; 5 we elected to include only male patients under the age of 65 in this study. In our population, 2684 were female patients and/or were aged 65 or older. Patients with a history of AF, either paroxysmal, persistent, or permanent, were also excluded (n ¼ 48). The data of the remaining 2214 patients were retrospectively analysed. The anaesthetic and surgical techniques were standardized for all patients and described previously. 18 In order to investigate the interplay between inflammation, oxidative stress, and metabolic features, we also conducted a nested casecontrol substudy for a cohort of subjects for whom blood plasma had been collected. This study included 147 patients who developed POAF and matched for age with a control group who did not develop POAF. When several controls had the same age as a case, a control patient was randomly matched to the case. In these patients, the level of high-sensitivity C-reactive proteins, interleukin 6 (IL-6), and thiobarbituric acid-reactive substances (TBARS) were measured in plasma.
Data collection
The preoperative and operative data of all patients undergoing a cardiac surgery in our institution were prospectively collected and entered in a computerized database. A fasting plasma lipid profile, including total cholesterol, HDL, and LDL cholesterol, as well as triglyceride levels were documented. Blood pressure was also assessed in the resting state, and hypertension defined as documented diagnoses [patients receiving antihypertensive medications or having known, but untreated, elevated blood pressure (!130/85 mmHg)]. Since February 2004, maximum postoperative white blood cell (WBC) count has been systematically collected. Furthermore, WC has been systematically measured since January 2000.
Measurement of thiobarbituric acid-reactive substances and C-reactive protein
In the nested case -control substudy, high-sensitivity C-reactive protein, IL-6, and TBARS were measured from blood plasma collected in the preoperative period and conserved at 2808C. C-reactive protein measurements were performed with latex-enhanced reagent (N Latex CRP, Dade Behring, Deerfield, IL, USA) using a Behring BN ProSpec immunonephelometer. As previously recommended, 19 Creactive protein values higher than 10 mg/L were excluded from the analysis. IL-6 was measured using an enzyme-linked immunosorbent assay (R&D Systems, MN, USA). TBARS plasma levels were measured according to the method described by Kikugawa et al. 20 Briefly, plasma (200 mL) was mixed with trichloroacetic acid (1.5 mL, pH 3.5), sodium dodecyl sulfate (200 mL, 8.1%), and thiobarbituric acid (2.5 mL, 0.8%). Butylated hydroxytoluene (0.8%) of 50 mL was added to the assay mixture to prevent auto-oxidation of the sample. The mixture was kept at 58 for exactly 1 h and was heated only afterwards at 1008C for 1 h. After butanol extraction and centrifugation, the absorbance of the organic phase was measured. The WC was measured in standing position, midway between the lowest rib and the iliac crest with a measuring tape. Increased WC was defined as a value .102 cm, as recommended by the National Cholesterol Education Programme-Adult Treatment Panel III (NCEP-ATP III) for men. 21 
Definition of obesity
Detection and treatment of atrial fibrillation
The endpoint of this study was new onset of AF from the time of surgery during the hospital stay. AF was defined as any sustained episode recorded during the postoperative hospital stay and requiring medical and/or electrical cardioversion. No systematic prophylactic measures were used to prevent the development of POAF during the study period. However, as a general rule, patients who were on a b-blocker medication preoperatively had a re-introduction of this class of medication within the first 24 h after surgery, and for those who were not previously on a b-blocker medication; an introduction of such therapy was instituted in postoperative period if not contraindicated. A constant ambulatory electrocardiographic (ECG) monitoring was performed in all patients during the first 48 h after surgery. Thereafter, a standard daily 12-lead ECG was recorded. In every patient suspected of an arrhythmic event, a standard 12-lead ECG was performed and the patient was monitored with continuous ambulatory ECG until 48 h after resolution of the arrhythmia.
Statistical analysis
Continuous variables were expressed as mean + SD and were compared using two-sample t-tests for independent or dependent samples when appropriate. Differences in proportion were compared using a x 2 test, Fisher's exact test or McNemar test when appropriate.
Paired Wilcoxon test was used to compare non-normally distributed variable in the case-control substudy.
In the entire sample, unconditional multivariable binary logistic regression was used to identify the independent predictors of POAF. The variables assessed in the univariate analysis were all listed in Table 1 . The five components of MS according to NCEP-ATP III and all variables associated with POAF with a P-value , 0.20 on univariate analysis were entered in the logistic model. Once entered in the model, there were no variable selection procedures. To assess the impact of BMI and WC, three models were constructed: two separate models with either WC or BMI alone and one model incorporating both variables. Multiple linear regression was used to identify independent predictors of the maximum postoperative rise of WBC count. The analysis included all variables from Table 1 that were significant on univariate analysis. No variable selection procedures were used. In the case-control substudy, conditional binary logistic regression was used in order to take matching into account.
All tests were two-sided. A probability value of ,0.05 was considered significant. All statistical analyses were performed with SPSS 15 (SPSS Inc., Chicago, IL, USA).
Results
Predictors of postoperative atrial fibrillation
In the study population, 433 patients (19.6%) had POAF ( Table 1) . The patients with POAF were older (58.4 vs. 55.7 years, P , 0.001), had a significantly higher prevalence of chronic obstructive pulmonary disease (COPD), but similar prevalence of impaired ejection fraction (EF; Table 1 ). In addition, patients with POAF had higher BMI (P ¼ 0.002) and WC (P ¼ 0.001) values. Preoperative medications including calcium channel-blockers (43.0% vs. 36.3%, P ¼ 0.01) and angiotensin-converting enzyme-inhibitors (ACE-I) and/or angiotensin II receptor blockers (ARBs; 62.1% vs. 54.8%, P ¼ 0.01) were significantly more frequent in patients with POAF, whereas no differences were found for b-blockers and statins. With regards to postoperative outcomes, patients with POAF had higher incidence of renal failure (10.4% vs. 4.6%, P , 0.001) but similar in-hospital mortality (0.7% vs. 0.6%, P ¼ 0.76).
In the multivariable model including both BMI and WC, the independent predictors of POAF were older age (OR for a 1 year increase ¼ 1.08, P , 0.001) and a WC . 102 cm (OR ¼ 1.40, P ¼ 0.04; Table 2 ). Moderate and severe obesity did not significantly predict POAF (OR ¼ 1.36, P ¼ 0.29 and OR ¼ 1.90, P ¼ 0.13, respectively). Preoperative ACE-inihibitors and/or ARBs tended to increase the risk of POAF (OR ¼ 1.26, P ¼ 0.07). If the WC was retrieved from the model, only moderate and severe obesity were associated with significantly increased risk of POAF (OR ¼ 1.83, P ¼ 0.01 and OR ¼ 2.57, P ¼ 0.02, respectively). In a separate analysis, we constructed a model including both BMI and WC as dichotomous variables (i.e. , or !30 kg/m 2 for BMI and or .102 cm for WC). In this model, a WC of above 102 cm remained a significant predictor of POAF (OR ¼ 1.38, P ¼ 0.04), whereas a BMI ! 30 kg/m 2 was not associated with
We also constructed models including WC and BMI as continuous variables. In two separate models including only one of the parameters, both BMI and WC were significant predictors of POAF (OR ¼ 1.034, P ¼ 0.044 and OR ¼ 1.021, P ¼ 0.049). The strong correlation between BMI and WC (r ¼ 0.79, P , 0.001) resulted in multicollinearity, and precluded the introduction of both BMI and WC in a model. However, in the subset of patients with a BMI . 30, the correlation between BMI and WC was weaker (r ¼ 0.59, P , 0.001). In the multivariable model constructed in this subset, WC was associated with a significantly increased risk for POAF (OR ¼ 1.02, P ¼ 0.049), whereas BMI was not (OR ¼ 0.97, P ¼ 0.41).
Impact of waist circumference and body mass index on the risk of postoperative atrial fibrillation
In order to determine the interplay of WC and BMI in increasing the risk of POAF, we divided our population into four groups according to WC ( or .102 cm) and BMI (, or !30 kg/m 2 ; Figure 1 ). Interplay between preoperative inflammation, oxidative stress, and obesity with regard to the development of postoperative atrial fibrillation
In the case -control substudy, WC and BMI were also significantly associated with higher POAF incidence ( Table 4) . Oxidative stress, assessed with TBARS, was not different in the two groups.
Although not statistically significant, inflammation, as estimated by values of C-reactive protein exceeding the median value of 1.5 mg/L, was more frequent in POAF patients (59.8% vs. 50.0%; P ¼ 0.13).
We then divided the population of our substudy into four groups according to WC (divided at the cut-off value of 102 cm) and inflammatory markers blood levels (either C-reactive protein or IL-6 divided at the median value). Only patients having both a WC . 102 cm and elevated inflammatory blood markers, C-reactive protein . 1.5 mg/L or IL-6 . 2.2 pg/mL were at increased risk of POAF (OR ¼ 2.32, P ¼ 0.02 for C-reactive protein, Figure 2A , and OR ¼ 2.27, P ¼ 0.03 for IL-6). However, formal interaction tests between C-reactive protein, IL-6, and WC were not significant (for C-reactive protein: P ¼ 0.16 in a categorical model and P ¼ 0.38 in a continuous model; for IL-6: P ¼ 0.65 in a categorical model and P ¼ 0.15 in a continuous model).
Discussion
The major finding of this study is that abdominal obesity, evaluated with the crude measurement of the WC, is an independent risk factor for POAF in middle-aged men undergoing an isolated CABG. We also found that abdominal obesity is associated with a greater postoperative WBC count, which in turn, is also associated with a greater incidence of POAF. Moreover, the combination of an increased WC with a low grade inflammatory state as reflected by elevated C-reactive protein or IL-6 levels confers a very high risk of developing POAF. These results suggest that intra-abdominal obesity is associated with POAF.
Obesity and postoperative atrial fibrillation: waist circumference or body mass index?
Obesity, as defined by increased BMI, has been previously shown to be an independent risk factor of POAF. 22 However, a recently published meta-analysis found no significant effect of obesity IL-6, interleukin-6; TBARS, thiobarbituric acid-reactive substances; COPD, chronic obstructive pulmonary disease; BMI, body mass index. *Twenty-eight patients had C-reactive protein blood levels .10 mg/L and were therefore excluded from this analysis. † Considering that C-reactive protein and IL-6 blood levels were not normally distributed, median and interquartile range is provided. The P-value provided was calculated from the Wilcoxon test.
(defined on the basis of BMI) on the risk of POAF. 3 It should be pointed out that, discrepancies between studies might be related to the important heterogeneity among obese individuals, particularly with respect to body fat distribution and associated cardiometabolic risk. To this effect, we previously demonstrated that, in younger patients, MetS rather than obesity per se was a significant predictor of POAF. 5 In this study, we further demonstrate that, among the clinical criteria proposed by the NCEP-ATP III to identify the MetS, WC is the only significant independent predictor of POAF in a population of men ,65 years. In addition, when taking into account both BMI and WC, only higher WC predicts POAF. These results clearly emphasize that abdominal obesity, evaluated with the simple measurement of the WC, is a crucial factor predisposing to POAF. The BMI is an estimate of total body fat accumulation and does not take into account the distribution of the adipose tissue. In this regard, the metabolic perturbations associated with obesity are highly dependent on body fat distribution. For instance, in patients with a BMI ! 30 kg/m 2 , the amount of visceral fat is positively associated with insulin resistance. 23 In our study, patients with an 
Waist circumference and postoperative inflammation
There is increasing evidence that AF is linked to inflammation. Atrial biopsies of patients with chronic AF clearly show higher degree of inflammatory infiltrates when compared with controls. 24 Greater postoperative inflammation has been associated with higher rates of postoperative arrhythmias, including POAF. 7, 12, 14, 15 Our results concur with these previous results.
Indeed, the postoperative WBC count was significantly associated with POAF. We previously hypothesized that abdominal obesity might amplify the postoperative inflammatory response 5 induced by cardiopulmonary bypass, 25 thereby providing a potential pathway increasing the incidence of POAF. 5 The results of our present study provide further support to this hypothesis. Higher WC was independently associated with increased postoperative WBC count, which, in turn, was also associated with a higher rate of POAF. Thus, the rise of WBC count in the postoperative period, a crude marker of inflammation, suggest that an inflammatorydriven process is involved in abdominally obese patients and may explain the higher rate of POAF in this population.
Waist circumference and preoperative inflammation
In our nested case-control study, only patients with both abdominal obesity and low-grade preoperative inflammatory state, evaluated with the plasma C-reactive protein and IL-6 level, were at increased risk of POAF. WC is a useful screening tool to identify visceral obesity, but lacks specificity because the WC does not discriminate between subcutaneous from visceral fat. Thus, it is likely that a combination of an increased WC and an elevated C-reactive protein or IL-6 level identifies a subset of subjects with increased amount of visceral abdominal fat. Conversely, an elevated WC and a low C-reactive protein level most likely identify patients with an increased amount of subcutaneous fat without excess visceral fat accumulation. To this effect, it has been demonstrated that, in contrast to subcutaneous fat, the visceral fat produces a large amount of inflammatory cytokines, including IL-6. 26 In turn, IL-6
stimulates the hepatic synthesis of C-reactive protein. 27 These findings suggest that greater amount of visceral fat is associated with a chronic pro-inflammatory state which, in turn, confers a higher risk of POAF. In view of the present findings, it is worth to point out that the lack of consistencies in the literature between preoperative inflammation and POAF may derive, at least in part, from the fact that previous studies have not measured the WC. 8 -10,15 Recent studies have emphasized that C-reactive protein is a predictor of AF in the general population as well as a predictor of recurrent AF after a successful cardioversion. 28 It remains however unclear whether C-reactive protein is simply a marker of increased POAF risk or is a risk factor per se that has a direct effect on the pathogenesis of this arrhythmia. Clinical implications: risk stratification and new preventive treatment for POAF A WC . 102 cm was independently associated with a 1.4-fold increase in the risk of POAF in the whole cohort and, in the case-control substudy, the presence of WC . 102 cm and C-reactive protein plasma level ! 1.5 mg/L was associated with a 2.32-fold increase in the risk of POAF. Given the high prevalence of these risk factors in the patient population undergoing CABG, and the high incidence of POAF it can be estimated that a large number of POAFs are directly or indirectly related to these factors. Hence, in light of the results of this study, WC and C-reactive protein should be systematically measured in male patients ,65 years old undergoing CABG and preventive strategies should be considered in the subset of patients who are identified at high risk for POAF, and especially in those with the 'inflammatory waist' defined as a WC . 102 cm and C-reactive protein ! 1.5 mg/L. It remains to be determined whether it is possible to acutely modify the risk of POAF of abdominally obese patients planned for CABG surgery. In particular, it would seem difficult to significantly modify the amount of visceral adiposity within a very short period of time. Nonetheless, the inflammatory perturbations linked to visceral obesity are probably modifiable in the short term. To this effect, administration of corticosteroids 29 in the perioperative period has been recently shown to reduce significantly the risk of POAF, this further buttressing the link between inflammatory response and POAF. In the same study corticosteroid administration was not associated with increased complication rate, 29 whereas
another study has reported that such a therapy worsen the hyperglycaemic response after the surgery, which in turn, increased the rate of renal dysfunction. 30 Although still speculative, it could be envisioned that the benefit of corticosteroid treatment as a prophylactic measure to prevent POAF may outweigh the risk in a selected high-risk population such as those with the 'inflammatory waist'.
Limitations
The present study addressed a specific group (i.e. male patients 65 years old or younger), thus the conclusions cannot be extended to other populations. Patients were not continuously monitored throughout their entire hospitalization and the use of postoperative b-blockers was not documented. Short arrhythmic episodes could have been missed. However, these asymptomatic events seem less clinically relevant. Moreover, the detection of arrhythmia was standardized and part of a routine protocol for every patients undergoing a heart surgery. Left atrial enlargement as well as left ventricular diastolic dysfunction have been reported to be predictors of POAF in obese patients. 22, 31, 32 These parameters were not available in the present study. Left atrial enlargement may be partly responsible for the increased risk of POAF in abdominally obese patients. However, patients selected in the present study had no valvular disease, thus it is unlikely that a high proportion of patients presented important left atrial enlargement. Furthermore, the enlargement of the left atria seems to be a mechanism rather than a causal determinant. In this study TBARS were not associated with POAF. However, TBARS have been criticized for their poor specificity. Thus, from the present findings, we cannot completely exclude a role of oxidative stress in POAF. 33 Postoperative inflammation was not evaluated with the measurement of cytokines, but assessed with the WBC count, a crude marker of inflammatory activity. In our main model, BMI was divided into five categories, whereas WC only in two. One could argue that it results in lower power to detect the impact of BMI. However, in a model including both variables as dichotomous, WC . 102 cm remains a significant determinant of POAF, whereas BMI ! 30 kg/m 2 was not (P ¼ 0.13).
One could also argue that a strategy based on quantiles of BMI and WC would have been more appropriate. However, from an epidemiological point of view, this approach is irrelevant when validated cut-offs already exist. 34 Finally, despite the strikingly increased risk for POAF in patients with both increased WC and C-reactive protein, formal interaction tests were negative. However, interaction tests are known to have limited power. Moreover, the objectives of the present study were to investigate the risk for POAF in patients with both elevated inflammation plasma markers and WC, rather than to determine if an interaction exists between WC and C-reactive protein expressed as continuous variables. Thus from a clinical standpoint, the increased risk of patients with both elevated WC and C-reactive protein is of interest with regards to risk stratification for POAF.
Conclusion
This study demonstrates that an elevated WC is an independent predictor of POAF in a male population younger than 65 years. Although the mechanisms underlying this association between visceral obesity and POAF are not yet fully elucidated, the findings of this study suggest that interplay between the abdominal fat and inflammation may participate to the pathogenesis of POAF following CABG. In this regard, 'inflammatory waist' characterized by the association of elevated waist and high plasma C-reactive protein confers a high risk of developing POAF. Whether C-reactive protein represent a mere marker for the presence of visceral fat or is an active component participating, along with other unknown factors derived from the ectopic visceral fat, to the development of POAF is still an open question. Further studies with the aim to elucidate the link between abdominal obesity, inflammation, and POAF would possibly open new preventive and therapeutic avenues.
